Young rats were subjected to a dietary leucine overload for several weeks. Although no significant changes in growth, food consumption, and hematological and immune responsiveness occurred when the basic diet was balanced (18% casein), rats which were both overloaded with leucine and subjected to a protein-poor diet (4% casein) displayed a strong impairment of immunological reactions to sheep red cells (rosette and plaque-forming cells in the spleen, serum hemagglutinins, and hemolysins). The effect was significantly more pronounced than in rats on a protein-poor nonsupplemented diet or in pair-fed controls on a balanced diet. The immunodepression was as profound as after complete protein deprivation. It is suggested that a secondary defect in valine and isoleucine utilization may play a role in the harmful effects of excess leucine, because isoleucine and especially valine have been shown to be highly deleterious to lymphopoiesis.
the same diet supplemented with L-leucine (nine rats); V-an 18% casein diet given in amounts not exceeding those ingested in group IV (eight rats); and VI and VII-diets completely deprived of protein4 administered for 4 weeks (10 rats) or 5 weeks (eight rats). The other diets were maintained for 6 weeks (group I) or 8 weeks (Groups II to V). Drinking water was allowed ad libitum. Leucine was introduced into the diet at a concentration of 3% during the first 18 days and at 7% during the following period in order to accustom the animals to this compound.
The rats were housed in individual compartments at 22 C. Body weights were recorded weekly and the dietary intake was measured daily.
The duration of the diet in groups VI and VI1 was shortened because of the poor resistance of young rats (30 days of age at the start of the experiments) to complete protein deprivation.
Hematological and imntunological examinations
On day -8 before killing, the rats of all groups were immunized with an intraperitoneal injection of sheep red blood cells (SRBC) (2.4 x lo9 cells/100 g of body weight) without adjuvant added. The animals were killed by cardiac exsanguination. The blood was used for titration of serum antibodies. Thymus, spleen, and cervical nodes were excised free from any adhering connective tissue and weighed. Cell density in the spleen (number of lymphocytes per milligram of tissue) and the total lymphocytic population of this organ was determined (20) , as was the percentage of viable lymphocytes. Viability was measured using a dye (erythrosin) exclusion test, which was performed immediately after addition of the dye to the cell suspension (21) .
On the day the animals were killed, a leukocyte count was performed on tail blood samples, with counting of granulocytes and lymphocytes per cubic millimeter, as calculated from their percentage distribution.
The immunological tests consisted of the enumeration of RFC and PFC in the spleen according to the methods of Zaalberg (22) and Cunningham and Szenberg ( 2 3 ) , respectively, and of the titration of serum antibodies (hemagglutinins and hemolysins) according to methods used previously (4) .
Separation of immunoglobulins IgG was accomplished by treating sera with 2-mercaptoethanol (2-ME) (4, 24) . The two antibody titers were expressed as decimal logarithms of geometrical means of the highest dilutions giving an agglutination visible with the naked eye or giving complete hemolysis, respectively. In the protein-deficient groups the quantities of serum were too small to permit the separate titration of IgG hemolysins in each rat.
Results

Body weight and food intake (Tables 1 , 2 , and 3)
The body weight increased almost 4-fold in 6 weeks in group I (18% caseia control rats) , and growth was not at all delayed after addition of leucine (group II).
In the protein-deficient (groups III and IV) (4% casein) the body weight remained at the initial level. Administration of leucine was without any effect. In control rats of group V pair-fed with those of group IV (4% casein + leucine) the increase in body weight was much lower (only +50% of the initial values) than in groups I and II fed the same balanced diet ad libitum without or with extra leucine, but it was significantly higher than in the 4% casein groups III and IV.
The rats which were completely deprived of protein (Groups VI and VII) lost 35% of their initial weight after 4 (VI) or 5 (VII) weeks. Their aspect and behavior (weakness, inactivity, and thinning of the hair, which became dull, ruffled and dirty) indicated a state of cachexia. Indeed, two rats of the group VI1 died before the end of the experimental period.
The food intake was also the same in the absence and the presence of extra leucine when the diet was well provided with protein (I and 11). In group III (4% casein) the food intake was closer to that of protein-free groups (VI and VII) than to that of the 18% casein groups. Contrary to what had been noticed with the latter groups, a 7% leucine supplement still significantly reduced food ingestion in rats on a 4% casein diet (compare group IV to group III, Table 3 ). In rats on a protein-free diet, food consumption did not exceed 50% of the initial consumption of nondeficient animals (I and II).
Hematological results
Lymphoid organs (Tables 1 and 4 ) . Expressed per 100 g of body weight (which was necessary because of the unequal duration of certain diets and the difference of final body weights) , the weights of the spleen and cervical lymph nodes did not differ significantly in rats whose diets were or were not supplemented with leucine, when the protein intake was adequate. Although the thymus was somewhat smaller in supplemented animals, the lack of significant thymic involution militated against the existence of a nonspecific stress effect of excess leucine when given with a balanced diet ( Table 1) .
Neither were there any changes in the cellular density and total level of splenic lymphocytes, nor in the viability of these cells after overcharge of leucine (Table 4) . In group III (4% casein, nonsupplemented) the absolute weights of the lymphoid organs were obviously much lower than in the 18% casein control group I. That was also the case for the relative weights of the spleens and the thymuses as well as for the lymphocyte number and viability in the spleen.
The addition of leucine to a 4% casein diet (group IV) did not significantly change the weight of the thymuses compared to group III. This was due mainly to the high variability in the latter group, with an equal number of low and high values. An important difference was noticed when the weights of the lymphoid organs of the 4% casein groups (III and IV) were compared to those of pair-fed group V. The absolute weights of the spleens and thymuses and the total number of splenic lymphocytes were all much higher in the pair-fed animals. These differences were greater between IV and V than between III and V for the relative weights of the thymuses, and for the viability of splenic cells. They were significant only for the ratio IV/V. Thus the changes in the lymphoid organs exhibited by the group III and especially the group IV could not be ascribed exclusively to the decrease in the food intake observed in these animals.
In rats completely deprived of protein (VI and VII) the absolute and relative weights of thymuses and spleens were much lower than in rats of group V (Table l) , and after 35 days of protein deprivation the lymphocyte population of the spleen and the viability of these cells were also below those of rats maintained for 56 days on a 4% casein diet with or without added leucine ( Table   Blood leukocytes (Table 5) . Although important individual variations were observed even in nondeficient rats, a highly significant leukopenia occurred in the five malnourished groups as compared to the controls, with a selective drop in lymphocyte levels. No differences were noticed between rats that were or were not supplemented with leucine.
Immunological results (Tables 6 and 7)
The RFC and PFC levels and the serum antibody titers were not influenced by the addition of leucine to a balanced diet. A 4% casein diet not overloaded with this amino 4). IV (9) v (8) VI (10) VII ( * Values given are f SEM. The significant differences are presented as in Table 1 . acid (group III) did not induce by itself any significant decrease in the immunological responses studied except for a drop in the total number of RFC and PFC in the spleen as a whole, undoubtedly because of the atrophy of this organ. On the contrary, the same protein-poor diet supplemented with leucine (group IV) provoked a dramatic fall of the RFC and PFC number, not only per entire spleen but also per loG splenic lymphocytes. Significant decreases in serum antibody titers were also observed as compared to those of 4% casein nonsupplemented rats. This anomaly concerned primarily 2-ME-resistant immunoglobulins (IgG). These Ig's were completely absent 1 week after immunization in all of the rats of group IV (4% casein with extra leucine) which were examined. Separation of IgG could be carried out in seven rats of this group for hemagglutinins but only in three rats for hemolysins because of the low amounts of serum available.
In pair-fed controls (group V) the levels of RFC and PFC were significantly higher than in group IV (4% casein with extra leucine) although they were much lower than in the controls fed ad libitum (group I). However, the serum antibody titers did not differ from those of the latter group except for IgG hemolysins.
Rats completely deprived of protein (groups VI and VII) displayed a highly significant drop in RFC/lOG lymphocytes as well as per entire spleen when compared to rats of the 18% casein groups (I and II) and to those of the 4% casein group (III) nonsupplemented with leucine. There was, however, no significant difference between protein-deprived rats and 4% casein rats supplemented with leucine (group IV). The number of PFC was also sharply decreased in almost all protein deprived animals (groups VI and VII) .
Total titers of serum hemagglutinins and hemolysins were significantly decreased as compared to 18% casein controls only in group VI1 (35 days of protein deprivation), but hemagglutinin levels of the IgG class were low in both protein-deprived groups. IgG hemolysins were completely absent in the three rats of each of the groups VI and VI1 for which their separation could be performed.
Thus the tests employed in the present research revealed that a protein-poor diet (4% casein) overcharged with leucine given for 56 days was as immunosuppressive as a diet which was completely deprived of protein for 4 or 5 weeks. A protein-poor diet without extra leucine resulted only in a decrease in the total number of splenic immunocytes without any change in their concentration or in the titers of serum antibodies. Discussion
I )
The relatively good tolerance of excess leucine, when given to rats with a diet bal-
P4
anted in its protein content, has already been reported by Harper et al. using 1.5 or 3.0% of this amino acid/100 g of dry food (25) , and only temporary retardation of growth was observed with 5 or 7% of leucine when it was added to a low-protein (9% casein) diet (26, 27) . As in our experiments, food intake was depressed after a low-protein leucine-supplemented diet (26) . The noxiousness of the amino acid was overcome partly by addition of isoleucine (10, 25) and completely by isoleucine and valine given together (27) .
The principal new data presented in our paper consist of the demonstration of a marked immunological deficiency after addition of excess leucine to a protein-poor diet in young rats.
Because such overload impairs the utilization of isoleucine and valine (10) (11) (12) , the immunodepression may result from a secondary deficiency in these two branched chain amino acids. The lower the size of tissue stores of the latter remaining after the reduction of protein intake, the more deleterious is excess leucine for the animals.
Previous work (16) (17) (18) has shown that synthetic diets deprived exclusively of valine or isoleucine were particularly harmful for lymphopoiesis, and that the deleterious effect of valine deprivation on blood and thymic lymphocytes was even more pronounced than that of a prolonged proteinfree diet. Given the close relationship between lymphocytes and immunity, these hematological data are consistent with the hypothesis of an immunosuppressive effect of valine and isoleucine deficiency induced by excess leucine.
2) In contrast to a complete protein starvation, a diet containing 4% casein without extra leucine provokes only a very moderate disturbance of immunological responses. Thus rats need only a very small intake of protein in order to preserve to a large extent their immunological potential , providing that there is no imbalanced intake of certain amino acids such as those containing branched chains.
3) In the protein-deprived rats of the present experiments (groups VI and VII), WC's displayed not only an abrupt drop in their total levels per whole spleen but also * Values given are log 1 O f SEM. The significant differences are presented as in Table 1 .
an important decrease in their concentration per lo6 lymphocytes. The latter abnormality had not been observed in previous studies (3) (4) (5) (6) , which were performed on older rats (weighing initially 200 g instead of 100 g), much more resistant to protein deprivation.
Concerning serum antibodies, one may point to the complete absence of IgG among hemagglutinins and hemolysins 1 week after immunization in rats subjected to a proteinpoor diet overcharged with leucine. This phenomenon contrasted with the presence of normal IgG titers after the same time interval in protein-poor nonsupplemented rats. Disappearance (or delayed production) of IgG hemolysins, however, was also observed after complete protein deprivation (groups VI and VII) in six rats in which the parameter could be examined.
In addition, the fall of IgG hemagglutinin titers noticed in the protein-starved young rats in our present study was more pronounced than the decrease in total hemagglutinin levels after 28 days of the diet. An almost exclusive impairment of IgG production (as compared to that of IgM and IgA) has already been reported in rat pups derived from mothers fed a low-protein (8% casein) diet (28) . In protein-deprived adult rats, however, no significant difference has been found in previous experiments ( 6 ) between the levels of 2-ME-resistant (IgG) and 2-ME-sensitive serum immunoglobulins 1 week after immunization with SRBC.
In any case, it would be of interest to investigate whether diets lacking valine and isoleucine provoke the same anomalies in Ig production as does a diet poor in protein but overloaded with leucine.
4)
Previous work has shown the role played by thymic atrophy due to protein deprivation in the decreased production of antibodies to thymus-dependent antigens such as SRBC (3) (4) (5) (6) . On the other hand, hematological findings demonstrated that valine deprivation had a particularly harmful effect on the thymus-and periph'eral thymus-dependent lymphocytes (1 6-1 S) .
A selective impairment of this cell class after leucine overload could thus be hypothesized. However, the relative weight of the thymus was much higher after such a diet than after complete protein deprivation, whereas the immunological alterations were at least as important with the former as with the latter diet. It cannot be excluded that peripheral T lymphocytes may be directly injured by the metabolic disturbances caused by extra leucine without an intermediate intervention of thymic atrophy.
As to the almost exclusive impairment of serum IgG production, it could be explained by an alteration of B cells and B cell-derived plasma cells (through a hypothetical involution of a bursa-like lymphoid organ, the bone marrow itself) (29) and/or a block of the switch from IgM to IgG production controlled by T cells (30) .
In actual fact, the question of a selective impairment of the thymus and T lymphocyte activities in the immunodepressive action of excess leucine cannot be resolved without also investigating the influence of this amino acid on immunological cell-mediated reactions (e.g., graft versus host reaction, skin graft rejection, or delayed hypersensitivity) as well as on humoral responses to thymusindependent antigens. It is even possible that a protein-poor , leucine-supplemented diet does not depress but on the contrary enhances the cell-mediated immunity, as has been reported in mice subjected to moderate protein deficiency (8 to 12% casein diets) (31) (32) (33) .
However, because the humoral immunological anomalies induced by a 4% casein, leucine-overloaded diet resemble the disturbances observed after complete protein deprivation, one may anticipate that at least some cell-mediated responses, such as the graft versus host reaction, would be depressed after the leucine-overloaded diet in the same manner as in protein-deprived rats
5)
The relative abundance of leucine in millet (Sorghum vulgare) (100 g/100 g of nitrogen (35) ) has been claimed to be responsible for endemic pellagra in some parts of India (36) , maybe by interfering with the tryptophan-niacin-ribonucleotides pathway (37) . Because a number of enzymes of tryptophan catabolism are vitamin Be-dependent, and some metabolic changes brought about by excess leucine can be reduced by this vitamin (38) , an immunoprotective effect of the latter merits testing in leucineoverloaded animals. However, recent investigations (39) failed to confirm a disturbing effect of excess leucine on the urinary excretion of tryptophan and niacin metabolites in human subjects.
6) A rise in blood corticosterone levels has been observed in rats 12 hr after a meal containing 1 g of leucine (40) as well as in rats deprived of valine or isoleucine for 25 (18, 34) . days (41) . Therefore, secondary hypercorticalism may also intervene in the excess leucine-induced immunodepression, as has already been suggested for the immunological anomalies after protein starvation (42) .
